INTRODUCTION
============

Developing high-performance lithium-ion batteries (LIBs) is vital for regulating the energy output of intermittent solar and wind energy, which have been expected to occupy increasing proportions of energy sources in light of the environmental issues caused by fossil fuel energy ([@R1]--[@R3]). Because of the limitations imposed by lithium's rarity \[0.0017 weight % (wt %)\], its uneven distribution in Earth's crust, and its high cost, LIBs cannot meet the demand for energy storage devices with low cost, high energy density, long cycle life, and fast charging/discharging capabilities ([@R1], [@R2]). Sodium-ion batteries (SIBs) have attracted great attention as a promising alternative to LIBs because of sodium's high abundance and low cost ([@R3]). Nevertheless, the inherent properties of Na-ion chemistry originating from its high standard reduction potential \[−2.71 V versus standard electrode potential (*E*^0^)\] strongly limit the energy density of SIBs, which makes them unacceptable for some practical applications such as electric vehicles ([@R4]).

The motivations triggering the study of potassium-ion batteries (PIBs) relate to the benefits of their relatively high energy density resulting from the low standard reduction potential of potassium (−2.93 V versus *E*^0^), which is close to that of lithium (−3.04 V versus *E*^0^) ([Fig. 1A](#F1){ref-type="fig"}) ([@R4]); their low cost, which is ascribed to the abundance of potassium (1.5 wt %) ([@R5]) in Earth's crust ([Fig. 1B](#F1){ref-type="fig"}); and also their fast ion transport kinetics in electrolyte. The price of potassium metal is relatively high compared with sodium; however, the price of potassium salt, i.e., the raw materials for electrode fabrication (K~2~CO~3~), is similar to that of Na~2~CO~3~, which is much cheaper compared to Li~2~CO~3~. In addition, aluminum foil can be used as a current collector in PIBs instead of the copper foil found in LIBs, which will not only notably reduce the price of the PIB but also reduce the weight of the current collector and address over-discharge problems ([@R6]). Although potassium has the largest atomic radius (1.38 Å) compared to lithium (0.68 Å) and sodium (0.97 Å), K^+^ has the smallest Stokes' radius (3.6 Å) compared to Li^+^ (4.8 Å) and Na^+^ (4.6 Å) in propylene carbonate (PC) solvents ([Fig. 1C](#F1){ref-type="fig"}) ([@R7]), indicating that it has the highest ion mobility and ion conductivity. In addition, it has been proven that the diffusion coefficient of K^+^ is about three times larger than that of Li^+^, as investigated by ab initio molecular dynamics simulations (MDS) ([@R8]). On the basis of the advantages mentioned above, replacing Li^+^ with K^+^ would enable us to enhance the rate capability and realize high mass loading electrodes without sacrificing specific capacity.

![Opportunities and challenges of the PIB.\
(**A**) Comparison of LIB, SIB, and PIB in terms of energy density. (**B**) Abundance of lithium, sodium, and potassium metal in Earth's crust (wt %). (**C**) Stokes radius of Li^+^, Na^+^, and K^+^ in PC. (**D**) Number of publications on PIBs according to Google Scholar (as of January 2019). (**E**) Summary of challenges and their relationships for the PIB.](aav7412-F1){#F1}

Recently, we have witnessed an astounding increase in publications regarding PIBs ([Fig. 1D](#F1){ref-type="fig"}). Growing research efforts have been devoted to understanding the electrochemistry of PIBs and improving and achieving high electrochemical performance with various strategies based on the design and development of electrode materials, electrolyte, and electrode/battery configurations. Specifically, the strategies involved, such as nanostructured design, the use of a conductive matrix, heteroatom doping, electrolyte optimization, and/or electrode design, play important roles in many aspects, such as manipulating the interfacial reactions, alleviating volume variations, regulating electronic structures, and avoiding excessive side reactions. This Review attempts to highlight (i) the key issues that are hindering the future development of PIBs, (ii) recent strategies and advances in achieving high-performance PIBs, and (iii) possible directions and avenues for targeting low-cost, long-life, safe, and fast-charging/discharging PIBs. Our main objective is to illustrate specific strategies for developing PIBs, provide possible directions for the future development of next-generation PIBs, and suggest methodologies for the development of other energy storage devices.

CHALLENGES OF PIBS
==================

High--energy density electrodes need to be developed to guarantee high energy output, and structural stability should be maintained via material/electrode design to ensure long cycling performance. To achieve high energy density and high cycling stability in PIBs, their interfacial chemistry, ion diffusion in solid electrodes, electrolyte functions, and the correlations among them need to be deeply understood to properly address the main specific issues/challenges in potassium ion storage as shown below.

Low ion diffusivity in solid electrodes/poor K^+^ reaction kinetics
-------------------------------------------------------------------

The rate performance of PIBs not only is crucially dependent on the ion diffusion in the electrolyte but also relies on the ion diffusivity and electron transfer in solids. Although potassium has the weakest Lewis acidity and the smallest Stokes' radius, leading to fast ionic conductivity in the electrolyte, its poor ion diffusivity in solids could still constitute a limitation for the reaction kinetics due to the large atomic size of K^+^ ([@R9]).

Large volume variations during potassiation/depotassiation
----------------------------------------------------------

During cycling, the electrode materials undergo volume changes due to the insertion/extraction of K ions. It has been demonstrated that graphite has \~61% volume expansion after potassiation, which is six times larger compared to that after lithiation ([@R10]). The high--theoretical capacity alloy/conversion-based anodes undergo a much greater volume change during cycling \[\~400% for Sb~2~S~3~ and \~681% for Sn~4~P~3~; ([@R11])\]. Such huge volume changes in the continuous cycling process undoubtedly result in pulverization and create some "dead" areas, which are electrically isolated from the conductive agents and cause capacity fading ([@R12]).

Severe side reactions and consumption of electrolytes
-----------------------------------------------------

Owing to the low electrochemical potential of K^+^/K, the solvent in the electrolyte could be readily reduced on the electrode surface ([@R13]). It was reported that cells cycled to a lower cutoff voltage exhibited relatively lower initial coulombic efficiency, indicating that more side reactions occur with the lower cutoff voltage. The severe side reactions will further consume the electrolyte and cause drying out of the electrolyte after a certain number of cycles, leading to a sharp increase in polarization and causing degradation of the electrode capacity ([@R11]).

Dendrite growth
---------------

K dendrite growth should be taken seriously in the research of PIBs, as well as for other novel battery systems \[K-S ([@R14]), K-Se ([@R15]), and K-O~2~ ([@R16])\], which directly apply potassium metal as anode. The plating and stripping electrochemistry of K metal and an uneven ion flux or electron distribution would lead to K deposition in dendritic form, which will induce safety concerns caused by the possibility of an internal short circuit.

Battery safety hazards
----------------------

The battery safety is inherently threatened by the poor heat dissipation, and thermal runaway is considered to be the main issue that induces safety concerns. K has a lower melting point and more reactive characteristics compared to Li; thus, more attention needs to paid to PIBs to address such safety concerns. It was reported that the K-graphite system could go into thermal runaway at a lower temperature (100°C versus 150°C), but it would generate less heat compared to the commercial Li-graphite anodes (395 J g^−1^ versus 1048 J g^−1^) ([@R17]). Safety issues related to thermal runaway are still complicated especially for the PIB system, which should be addressed from the aspects of electrode materials, electrolyte, cell configurations, etc.

Limited energy density/power density
------------------------------------

As an alternative choice to LIBs, the energy density and power density of PIBs should be taken into consideration for future practical applications ([@R18]). Although PIBs have a higher operating voltage than SIBs, similar to that of LIBs, which may promote high energy density, the maximum energy density and power density are still limited owing to the large atomic mass of K and the sluggish reaction kinetics during insertion/extraction.

Understanding the correlations between the six main issues ([Fig. 1E](#F1){ref-type="fig"}) is probably the most effective way to confront and address these problems. During cycling, the poor ion diffusivity in solid electrodes could lead to sluggish reaction kinetics, which affects the ion migration and rate capability of the batteries. In addition, the large volume variations during cycling could damage the integrity of the electrodes and cause pulverization, which may lead to further concerns about the severe side reactions due to the formation of the solid-electrolyte interphase (SEI) layer on the newly created surface. As far as the metal anode is concerned, the side reactions will be accelerated by the uneven electron distribution, which will lead to dendrite growth and thus the further fracturing of the SEI. The SEI layer will continuously form on the surface of the electrode, which will consume the electrolyte; further increases the polarization of the electrode; and results in capacity fading. All in all, the dendrite growth/safety issues, severe side reactions, unstable SEI film, low ion transportation, and large volume changes will eventually result in capacity fading and failure of the battery.

STRATEGIES APPLIED TO PIB DESIGN AND IMPROVEMENT
================================================

Nanostructural design and engineering for improving the K^+^ reaction kinetics
------------------------------------------------------------------------------

Nanostructured electrodes advance with the development of nanotechnology, and great efforts have been made in nanostructure design with the aim of improving the electrochemical performance of metal-ion batteries ([@R19]). Considering the large size of K^+^ in PIBs, the nanostructural design of electrode materials is one of the most effective ways to improve the K ion diffusivity/reaction kinetics by shortening the potassium ion diffusion length, thus enhancing their rate capability and cycling performance.

Nanostructured designs have been successfully applied for most anode materials and cathode materials such as carbon-based materials \[graphite ([@R10], [@R20]), hollow carbon ([@R21]), and graphene ([@R22])\], alloy-based electrodes ([@R11], [@R23]), oxides ([@R24]), sulfides ([@R25], [@R26]), selenides ([@R27]), and Prussian blue (PB) and its analogs ([@R28]--[@R30]) ([Fig. 2](#F2){ref-type="fig"}). Several nanostructures have been studied for graphite, including polynanocrystalline ([@R20]) and nanocage ([@R31]) structures. Among them, a three-dimensional (3D) interconnected network structure could offer fast electron transfer capability due to its naturally high electrical conductivity and provide enough channels for ion transportation. Thus, highly graphitic carbon nanocages were proposed to effectively maintain the structural stability of the network during K^+^ intercalation/deintercalation because the anisotropic cage-like structure could prevent interlayer slipping and ensure structural integrity, so that a high capacity retention of 79% at 35 C was achieved ([@R31]). In addition, the cycling stability of the electrodes was notably enhanced by replacing the graphite anode with other carbon-based anodes, including soft carbon, carbon nanotubes (CNTs), carbon nanospheres ([@R21]), and carbon nanofibers ([@R32]). Porous structures are attractive due to their high specific surface area, which could facilitate contact between the electrolyte and the active materials, thus improving the coulombic efficiency. In a recent study, a porous carbon nanofiber electrode was synthesized, and it exhibited excellent rate capability (101 mA h g^−1^ at 20 A g^−1^) and promising long cycling stability (4000 cycles) ([@R32]). In addition to carbon-based materials, sulfur/selenium-based and alloy/conversion-based anode materials could be good candidates due to their high gravimetric and volumetric specific capacities. To date, nanoparticles ([@R33]), nanosheets ([@R25]), nanoroses ([@R34]), and nanoclusters ([@R26]) have been designed for VS~2~, SnS~2~, MoS~2~, Sb~2~S~3~, CoS, and VSe~2~. These designs can effectively alleviate the volume changes and improve the reaction kinetics to some extent for sulfur/selenium-based electrodes. Specifically, with the decreased thickness of the Sb~2~S~3~ nanosheets prepared by our group, the shortened ion diffusion pathways result in improved rate capability, especially at high current densities ([@R9]). Liu *et al.* reported K~0.6~MnF~2.7~ hollow nanocubes as zero-strain material for enhanced potassium storage with only 1.4% volume expansion and negligible lattice parameter change (\<1%), which made it possible to deliver over 100 mA h g^−1^, even after 10,000 cycles ([@R35]). Nanodesign for cathodes could also facilitate structural integrity and stability to some extent, thus enhancing the cycling performance and ensuring reversible intercalation/deintercalation of K^+^. PB and its analogs with structures of nanoporous fibers, nanoparticles, and nanocubes have been widely used as cathode for PIBs because of their open framework with large interstitial spacing, which could allow fast ionic transportation. A detailed comparison of the electrochemical performance of crystallite-sized Prussian white was carried out by He *et al.*, demonstrating that the optimized cathode material with a particle size of 20 nm could deliver a close-to-theoretical reversible capacity of 140 mA h g^−1^ ([@R36]).

![Illustration of various structured electrodes that have been reported for the PIB with their advantages and challenges for nanoscale engineering.\
Inset figures are reproduced with permission from the Nature Publishing Group ([@R32]).](aav7412-F2){#F2}

Although nanodesign could facilitate the K^+^ reaction kinetics to some extent with enhanced electrochemical performance, high cost, low tap density, side reactions, and relatively high working voltage plateau due to surface capacitive behavior could be main challenges. From our perspective, several efficient ways could be used: (i) applying well-mixed nano- and microsized materials together in a certain ratio so that nanosized particles can effectively occupy the interspaces among the microsized particles; (ii) using active materials with a secondary structure, such as micro-nanostructures, to increase the pack density; (iii) using surface coating as a promising way to alleviate the undesirable surface reactions arising from the large surface area of nanomaterials; and (iv) further developing low-cost, simple, and automatic engineering fabrication techniques for nanomaterials, for example, improved exfoliation for large-scale nanosheet ([@R37], [@R38]) production and automatic reactor systems for continuous and scalable production of nanocrystals ([@R39]).

Buffering volume changes and enhancing electrical conductivity by using a carbon matrix
---------------------------------------------------------------------------------------

The huge volume variations during electrochemical cycling are always the main issue for the failure of alloy-based (Sn, Sb, P, etc.) and sulfur/selenium-based anode, and this problem can be more serious in PIBs than in LIBs and SIBs due to the large atomic radius of potassium ions ([@R12]). To address this problem, an effective and straight forward strategy is to use a soft and conductive matrix to buffer the volume changes during potassiation/depotassiation processes ([@R40]).

As one of the most efficient and easily scaled-up production techniques, ball milling was widely used to obtain a carbon matrix for active materials in PIB electrode fabrication. Uneven distributions of carbon and relatively big particles from ball milling, however, cannot effectively solve the volume variation problem of electrodes during potassiation/depotassiation, leading to the limited cycling stability. The other ways of introducing a carbon matrix include hydrothermal, electrospinning, and solution-based chemical methods annealing from polymer and chemical vapor deposition. In terms of the electrospinning or solution-based fabrication method, although a uniform carbon distribution can be achieved, the complex synthesis process induces high production costs, and the solvents involved in the synthesis might introduce side-reaction products and impurities, decreasing the electrical conductivity of the electrode materials and thus lowering the coulombic efficiency of the batteries. In addition, amorphous carbon produced via high-shear exfoliation was demonstrated by our group ([@R9]). The carbon content from in situ carbonization during exfoliation is hard to control, however, and further investigations are required.

Various kinds of carbon-based matrix as a buffer for volume change of electrodes have been used such as graphite, hard carbon/soft carbon, doped carbon, CNT, and graphene ([Fig. 3A](#F3){ref-type="fig"}). Amorphous carbon is easily fabricated with relatively low conductivity due to low carbonization temperature. Reduced graphene oxide (rGO) is a widely used benign carbon matrix owing to its excellent electrical conductivity and flexible 2D structure. In addition, the rational structural design of matrix and active material could promote the production of a uniform soft matrix. Inspired by the advantages of layer-by-layer structures (offering a stable scaffold for volume expansion and an electrochemically protective layer by facilitating the formation of a stable SEI layer), a sandwich-type hybrid structure (MXene/rGO nanosheets) was fabricated to improve the rate performance and long cycling stability ([@R41]). In general, unique structural designs, such as surface coating to ensure effective contact between the active materials and the soft conductive matrix, and simple synthesis routes that avoid additional costs and impurities might be the solution for the production of uniform conductive buffering matrices for electrode materials. Moreover, the synergetic effect of various components and active phases with different reaction plateaus can possibly enable them to act as buffer matrices for each other.

![Illustration and summary of strategies for employment of carbon matrix and heteroatom doping of electrodes.\
(**A**) Classification of carbon matrix materials for electrodes in PIBs with summary of the carbon matrix fabrication method. CVD, chemical vapor deposition. (**B**) Schematic illustration of reported doped carbon-based electrodes for the PIB. (**C** to **F**) Simulations of the K^+^ and Na^+^ adsorption capabilities and DOS of different carbon structures. (C1 to C3) Electronic density differences of K^+^ ions adsorbed on pristine carbon, GN-doped carbon, and PN-doped carbon, respectively. Yellow areas represent +0.005 *e* per Å^3^ isosurface; (D1 to D3) the electronic density differences of Na^+^ ions adsorbed on pristine carbon, GN-doped carbon, and PN-doped carbon, respectively; (E) adsorption energies of K^+^ and Na^+^ ions on various sites; (F) DOS of different carbon structures ([@R44]). (C) to (F) are reproduced with permission from Elsevier ([@R44]).](aav7412-F3){#F3}

Enhancing the kinetics via regulating the electronic structure and increasing the defects and vacancies by heteroatom doping
----------------------------------------------------------------------------------------------------------------------------

The heteroatom doping strategy for improving the reaction kinetics relies on the functions of the doping elements and tailorable features of the active materials ([@R42], [@R43]). Doping was realized via heat treatment of organics and polymer precursors normally containing N ([Fig. 3B](#F3){ref-type="fig"}) ([@R22], [@R44]), S ([@R45]), P, or F ([@R46]) elements at high temperatures during the carbonization process. As for N doping, the isosurface plots of charge distribution and the adsorption energy of K/Na absorption on graphene are presented in [Fig. 3 (C to E)](#F3){ref-type="fig"}. It can be observed that the pyridinic N (PN) doping increases the amount of K--C bonds around the PN-doped site, while the graphitic N (GN) doping decreases the amount of K--C bonds in the carbon ring, indicating that GN doping leads to weaker K adsorption than in PN doping. The interaction between Na atoms and the nitrogen-doped carbon microsphere carbon structure is similar to that of K atoms. In addition, the density of states (DOS) results ([Fig. 3F](#F3){ref-type="fig"}) suggest that the GN-doped sites are slightly electron rich, with a raised Fermi level compared to the undoped sites, thus leading to higher electronic conductivity ([@R44]). According to further investigations, the reversible capacity and cycling stability might be improved with an increased doping level of nitrogen ([@R32]). F doping could facilitate fast ion transportations by offering favorable bonding sites for potassium storage in the vicinity of residual F atoms. It is believed that F doping into a carbon source would be feasible due to the high electronegativity (χ = 3.98) of elemental F. On the basis of the density functional theory (DFT) calculations, the C--F covalent bonds that are formed could change the carbon hybridization state from *sp*^2^ to *sp*^3^, which provides high electrical conductivity and thermodynamic stability ([@R46]). Boron, as it has a similar atomic size to carbon, has been considered to be a potential doping element for carbon. Although no experimental results have been reported as yet, DFT calculations show that B-doped graphene has a large capacity (564 mA h g^−1^), a smaller diffusion energy barrier, and less structural deformation in PIBs compared to SIBs ([@R47]).

Attempts have been extended to multiple-element doping \[such as S/O-doped ([@R48]), N/O-doped ([@R49]), S/N-doped ([@R50]), and P/O-doped ([@R51]) carbon\] ([Fig. 3B](#F3){ref-type="fig"}). It was reported that doping oxygen into the carbon framework could improve the wettability by reducing the inert surface area and provide more active sites for enhancing the capacity. It reduces electrical conductivity, however, leading to poor cycling performance. To overcome this drawback, heteroatom N/O-codoping was successfully applied in hard carbon with demonstrated good cycling performance ([@R52]). When it comes to sulfur and phosphorus doping, the electron-donor properties of both of them cause the formation of structural defect sites or favorable spin densities throughout the carbon. P/O-codoped graphene electrodes were investigated, and they showed enhanced electrical conductivity and chemisorption of potassium ions ([@R51]). Besides, S/N-codoped graphene as a supporting matrix demonstrated high reactivity, strong affinity with the active material, good electrical conductivity, and robust stability ([@R50]).

Although various heteroatom doping strategies have been investigated in PIBs, further experimental work and in-depth discussion are needed to completely understand the correlation between structure/doping effects and their electrochemical properties. Furthermore, the doping level, doping sites, and doping depth need to be accurately characterized using advanced techniques.

Regulating salt chemistry and electrolyte additives to minimize side reactions and K dendrite growth
----------------------------------------------------------------------------------------------------

K-ion chemistries present more severe challenges to the electrolyte and interphase due to more dynamic changes in their electrode structures during cycling. Unsuitable electrolytes or additives could raise serious issues, including severe side reactions in the electrolyte or interphase, the creation of an unstable SEI layer during cycling, and potassium dendrite growth on the electrodes ([Fig. 4A](#F4){ref-type="fig"}).

![Classification and summary of electrolyte engineering strategy.\
(**A**) Using various electrolytes (or regulating electrolyte salts and solvents) to overcome the related issues of side reactions, unstable SEI film, and dendrite growth. Surface potential maps of the Bi/rGO electrode for (**B**) the KPF~6~ electrolyte and (**C**) the KFSI electrolyte. (B) and (C) are reproduced with permission from John Wiley and Sons ([@R53]). (**D**) Schematic illustration of the morphology changes and SEI formation in the electrochemical processes with diglyme-based electrolytes. Reproduced with permission from John Wiley and Sons ([@R63]). (**E**) Comparing galvanostatic K plating and stripping on the Cu substrate in different electrolyte formulations at a rate of 0.05 mA cm^−2^. Reproduced with permission from the American Chemical Society ([@R59]). (**F**) Comparing the cycling performances of cells with various electrolytes (with or without FEC) at 50 mA g^−1^. Reproduced with permission from Elsevier ([@R11]).](aav7412-F4){#F4}

The stability of the SEI has an immediate impact on the cycling life, and it is considered as a challenge for the long-cycling performance of PIBs. Besides excellent ion conductivity and electron-blocking capability, researchers have concluded that the SEI on electrodes or K metal must be stable and needs to be homogeneous in composition, morphology, and ionic conductivity. It was found that the cycled Bi/rGO electrodes in the potassium bis(fluorosulfonyl)imide (KFSI) electrolyte had a higher surface potential than that in the KPF~6~ electrolyte ([Fig. 4, B and C](#F4){ref-type="fig"}), indicating higher conductivity compared to the electrodes cycled in the KPF~6~ electrolyte ([@R53]). Also, in the KPF~6~ electrolyte, more heterogeneous and thicker SEI layers were formed as cycling progressed, thus leading to continuous consumption of the electrolyte as compared to the KFSI electrolyte ([@R11], [@R54]). In addition to the carbonaceous electrolytes \[ethylene carbonate (EC), diethyl carbonate (DEC), and PC; ([@R36], [@R55])\], ether-based electrolytes \[dimethyl carbonate (DMC) ([@R56]), diglyme ([@R57], [@R58]), dimmethoxyethane (DME) ([@R59]--[@R61]), and dimethyl sulfoxide ([@R62])\] have the excellent advantages of promoting stable SEI formation, maintaining high coulombic efficiency, facilitating strong chemical adsorption, and enhancing the charge-transfer kinetics ([@R23], [@R63]). For example, the elastic and adhesive oligomer-containing SEI formed in diglyme-based electrolytes helps to achieve a Bi electrode with long cyclability and high coulombic efficiency ([Fig. 4D](#F4){ref-type="fig"}) ([@R63]). Moreover, DME has a higher electron donation number than EC-DMC, making it much easier to interact with the K ions so as to modify the electrolyte-K^+^ polarity and diffusivity for better kinetics ([@R61]).

Dendrite growth is considered to be one of the primary reasons for safety issues during cycling, and potassium more easily grows dendrites than lithium because of its reactivity ([@R57]). The KFSI-DME electrolyte as an efficient medium can passivate the K surface, enabling reversible K plating and stripping with the formation of a uniform and stable SEI layer ([Fig. 4E](#F4){ref-type="fig"}) ([@R59]). Polymer electrolytes were chosen as a good candidate because of their good mechanical properties and the ease of processing inherent to plastic materials, providing substantial improvements to safety and electrochemical stability in PIBs when compared with conventional liquid electrolytes ([@R64]). A reported K\[FSA\]-\[C~3~C~1~pyrr\]\[FSA\] (FSA = bis(fluorosulfonyl)amide; C3C1pyrr = *N*-methyl-*N*-propylpyrrolidinium) ionic liquid has been evaluated as electrolyte for PIBs and exhibited low viscosity and high ionic conductivity, which effectively suppressed dendrite growth, thus enhancing cycling stability ([@R65]).

Electrolyte additives represent another effective strategy to improve the electrochemical performance of energy storage devices, since fluoroethylene carbonate (FEC) has been demonstrated to assist the formation of a stable SEI layer during cycling in SIBs ([@R66]--[@R68]). However, Bi anode with 3 volume % FEC in the KPF~6~/EC/PC electrolyte ([@R63]) and Sn~4~P~3~ anode with 5 wt % FEC in EC/DEC exhibited large polarization and fast capacity fading ([@R11]). In addition, potassium foil electrodes in the electrolyte with FEC additive showed higher hysteresis (±500 mV) than those without FEC (±200 mV) ([Fig. 4F](#F4){ref-type="fig"}). However, FEC-based electrolytes are more attractive for high-voltage electrodes. K~1.92~Fe\[Fe(CN)~6~\]~0.94~ cathode with 2% FEC additive in the EC/DEC electrolyte in the voltage range of 2.0 to 4.3 V could exhibit enhanced initial coulombic efficiency from 60% (without FEC additive) to 90% ([@R60]). In summary, FEC as an electrolyte additive in PIBs could stimulate electrolyte decomposition/side reactions under low voltage potential (\<2.0 V), while FEC may reduce the polarization and interfacial resistance to some extent and increase the initial coulombic efficiency in relatively high voltage ranges (\>3.0 V).

Fracturing of the SEI layer, in conjunction with further chemical side reactions and fast dendrite growth, will eventually lead to both safety hazards and fast capacity fading of batteries. There is a great necessity to further characterize the transformations of the SEI layer and identify the electrolyte decomposition products in various electrolytes using various advanced techniques, which will be valuable for a deep understanding of SEI formation and will help in optimizing electrolytes. The electrolyte additives, even with content only at the parts-per-million level, can alter the uniformity, composition, and even mechanical properties of the SEI, notably influencing the cycling stability of electrodes.

Enhancing the energy density by electrode design
------------------------------------------------

The electrode design is well developed with the aim of decreasing manufacturing costs, increasing the utilization of active materials, and, thus, increasing the energy density of batteries. Conventional electrodes fabricated by a slurry casting onto metal foil cannot maintain structural integrity during repeated mechanical deformation due to the weak adhesion between the current collectors and the active materials ([@R28]). Advanced flexible electrodes (normally current collector--free flexible electrodes), as an alternative option, not only notably reduce the electrode weight, thus increasing the energy density of cells, but also facilitate the development of flexible electronics (such as wearable devices). Few attempts have been made to create current collector--free flexible electrodes for PIBs to achieve low-cost, flexible, and high--energy density electrodes. Simple pencil drawing on filter paper was used to fabricate a flexible anode, demonstrating nearly 200% capacity improvement due to this electrode design ([Fig. 5A](#F5){ref-type="fig"}) ([@R69]). Recently, MXene with rGO nanosheets constructed in a sandwich structure in which the layers were close to each other was directly used as anode for PIBs ([Fig. 5B](#F5){ref-type="fig"}) ([@R41]). PB nanocubes were grown on Xuan paper via cyanotype technology, and the discharge capacity of the flexible full cells remained almost unchanged, even when they were intentionally bent and folded during cycling ([@R28]). The abovementioned flexible electrodes showed very good mechanical strength, high cycling stability, and high energy density, which is very encouraging for future research on flexible batteries or devices.

![The strategies of electrode design, novel K-based systems, and theoretical calculations for high-performance PIBs.\
(**A**) Schematic illustration of the special ultralight electrode design compared with a traditional electrode. Reproduced with permission from Elsevier ([@R69]). (**B**) Illustration showing the construction of flexible sodium titanate (NTO)/rGO films and high-resolution transmission electron microscopy images (with "N" referring to NTO and "G" referring to rGO), with the transmission electron microscopy elemental mapping images indicating the sandwich structures. Reproduced with permission from John Wiley and Sons ([@R41]). (**C**) Galvanostatic discharge−charge profiles of CMK-3/sulfur composite electrode at 50 mA g^−1^. Reproduced with permission from Elsevier ([@R14]). (**D**) Charge/discharge profiles of the c-PAN-Se electrode at 0.2 C (PAN, polyacrylonitrile). Reproduced with permission from the American Chemical Society ([@R15]). (**E**) The amounts of side products on cycled electrodes collected at different stages (from left to right: KF, CH~3~COOK, and HCOOK, with the SD calculated on the basis of three parallel cells). Reproduced with permission from John Wiley and Sons ([@R78]). (**F**) Charge and discharge capacities versus cycle number at current densities of 500, 2000, and 3000 mA g^−1^, and (**G**) specific energy versus specific power for K~2~FeII\[FeII(CN)~6~\]·2H~2~O--based aqueous PIBs, as well as several other devices: electrochemical capacitors (EC), lead-acid batteries, nickel metal-hydride batteries (Ni-MH), and LIBs. (F) and (G) are reproduced with permission from John Wiley and Sons ([@R80]). (**H**) Schematic illustration of the charging/discharging mechanism of the dual-carbon battery based on a potassium ion--containing electrolyte. Reproduced with permission from John Wiley and Sons ([@R100]). (**I**) Diffusion energy curve of K~1/16~VOPO~4~. The inset drawing shows the K ion diffusion pathways in K~1/16~VOPO~4~ ([@R87]). Reproduced with permission from the Royal Society of Chemistry ([@R87]). (**J**) Typical solvation structures of Li^+^, Na^+^, and K^+^ in EC, indicating that the larger Na^+^ and K^+^ ions show more disordered and flexible solvation structures ([@R8]). Reproduced with permission from the American Chemical Society ([@R8]).](aav7412-F5){#F5}

Novel K-based systems were designed to pursue high energy/power density and safe PIB batteries
----------------------------------------------------------------------------------------------

To directly use the potassium (K) metal as anode, ensuring a much higher energy density, extended systems such as K-S ([@R14], [@R70]--[@R72]), K-O~2~ ([@R16], [@R57], [@R73], [@R74]), K-Se ([@R15]), and K-I~2~ ([@R75]) have emerged. In the case of K-S/K-Se batteries ([Fig. 5, C and D](#F5){ref-type="fig"}), Zhao *et al.* reported pioneering work on room temperature K-S batteries with the conversion-type reaction mechanism (2S + 2 K^+^ ↔ K~2~S~3~) ([@R14]). A different type of K-S battery based on solution-phase potassium polysulfide (K~2~S*~x~*) catholyte and hard carbon as anode was also demonstrated, and the proposed K-S battery could effectively address various issues, including the high reactivity of the potassium metal anode and the slow reaction kinetics of the solid sulfur ([@R71]). As for mechanism studies, Zou *et al.* reported the asymmetric nature of the discharge/charge behavior of PIBs, which may be due to the weak solvation energy and strong cation-anion electrostatic interaction between K^+^ and S*~x~*^2−^ ([@R76]). Yu and Manthiram rationally designed a cathode separator by coating single-wall CNTs on Celgard to improve the utilization of sulfur active materials and enhance the cycle life of the K-S battery ([@R77]). K-O~2~ batteries feature a high theoretical capacity and an abundant oxygen resource. The mechanism of K-O~2~ batteries is to use K^+^ to capture O~2~^−^ and thermodynamically form electrochemistry and chemical stability of KO~2~ as the reaction product ([@R16]). K-O~2~ batteries with KPF~6~ in ether-based electrolyte can be operated with low overpotentials, and a highly reversible single-electron transfer process was demonstrated by quantifying trace amounts of its side products ([Fig. 5E](#F5){ref-type="fig"}) ([@R78]). A K-I~2~ battery was investigated with highly reversible conversion among I~2~, KI~3~, and KI, and a capacity retention of 79% could be achieved after 500 cycles ([@R75]). Nevertheless, the heavy mass of the I~2~ electrode compromises the output capacity of metal-based batteries (156 mA h g^−1^), which limits its applications.

With nonflammable properties and high rate capabilities, aqueous-based battery systems exhibit great potential in large-scale electric grid applications with barely any safety concerns compared to the organic electrolyte systems ([@R79]). For PIBs, a nickel hexacynoferrate electrode was evaluated in 1 M KNO~3~ electrolyte, and the cell showed superior rate capability and round trip energy efficiency ([@R29]), although the capacity, which relies on the one-electron Fe III/II process, was below 70 mA h g^−1^. On the basis of the PB analogs, Su *et al.* reported a potassium-rich iron (II) hexacyanoferrate electrode, which can supply two electrons per formula unit and deliver exceptionally high capacity (up to 120 mA h g^−1^) with high reversibility over 500 cycles ([Fig. 5F](#F5){ref-type="fig"}) ([@R80]) A specific energy of \~65 W h kg^−1^ and a specific power of 1250 W kg^−1^ were achieved ([Fig. 5G](#F5){ref-type="fig"}) ([@R80]). Even so, a narrow operating voltage window is another limitation for the aqueous PIB. To address this problem, finding a suitable electrolyte for the aqueous-based battery does matter. By using a potassium acetate--based water-in-salt electrolyte, the KTi~2~(PO~4~)~3~ electrode showed reversible redox behavior and could provide a potential window of 3.2 V, which extends the avenue for exploration of high-energy-density aqueous PIBs ([@R81]).

Potassium-based dual-ion batteries (DIBs) operate on the basis of the intercalation/deintercalation of both cations (K^+^) and anions (PF~6~^−^ or FSI^−^) into/out of electrodes ([Fig. 5H](#F5){ref-type="fig"}), aiming to fabricate low-cost, high--energy density, environmentally friendly batteries ([@R82]--[@R84]). Several potassium-based DIBs have been reported, such as a potassium-based battery--supercapacitor hybrid device ([@R81]), a battery using metal foil as anode and expanded graphite as cathode ([@R83]), a symmetric K~2~NiFe^II^(CN)~6~ cell ([@R85]), and graphite symmetric cells ([@R86]). The intercalation/deintercalation mechanism of anions in traditional graphite cathode requires high voltage, however, which will result in severe decomposition of the traditional electrolyte. By adopting some expensive ionic liquid--based electrolytes ([@R82]) or applying organic electrodes with relatively lower working voltage, the DIBs show comparatively high gravimetric energy density and excellent cycling stability, which could possibly meet the requirements of high--operating voltage and high--power density devices.

Using theoretical DFT calculations to predict the most desirable electrode materials with enhanced reaction kinetics and gain insight into the electrochemical mechanism
------------------------------------------------------------------------------------------------------------------------------------------------------------------------

To gain insight into and a deep understanding of K-ion chemistry to address the critical issues mentioned above and reveal/explain the results from experiments, theoretical DFT calculations play an important role in PIB research ([@R87], [@R88]). DFT calculations could be used to predict some potential electrode materials for PIBs. In the early research, it was predicted that hexagonal BC~3~ could have potential theoretical capacity with the formation of K~1.5~BC~3~, and B-doped graphene potentially shows large capacity and high rate performance ([@R47]). In the case of the C~3~N monolayer (with a high storage capacity of 1072 mA h g^−1^), the low diffusion barrier energy (0.07 eV) for K on the C~3~N monolayer surface implies high mobility and high rate capability for batteries ([@R89]). Besides, first-principles calculations help in obtaining a deep understanding of the physicochemistry properties of electrode materials, phase transitions during cycling, electrochemistry, the diffusivity of ion kinetics, and solvation structure. By calculating the K ion diffusion barrier ([Fig. 5I](#F5){ref-type="fig"}), 1D diffusion pathway provided low diffusion barriers for K ion, indicating that the KVOPO~4~ is a promising high-rate cathode material for PIBs ([@R87]). In conjunction with in situ x-ray diffraction (XRD), DFT calculations were used to unravel the phase transitions of Bi anodes (Bi → KBi~2~ → K~3~Bi~2~ → K~3~Bi) during potassiation, and the volume expansion can be calculated on the basis of the crystalline parameters from in situ XRD data ([@R63]). As for electrolyte, first-principles MDS have been applied to reveal the solvation structure and dynamic properties ([Fig. 5J](#F5){ref-type="fig"}) ([@R8]).

Although computational studies based on first-principles calculations provide very valuable metrics regarding solvation, diffusion energy barriers, interfacial kinetics, adsorption capability for K ions, etc., further calculations are still needed to gain a deep understanding of the electrochemical behavior and physicochemical properties of the electrodes, electrolytes, and electrode/electrolyte interfaces to achieve high-performance PIBs and facilitate their real application.

SUMMARY AND OUTLOOK
===================

PIBs have attracted considerable interest, and a large number of electrode materials have been developed with reasonable electrochemical performance ([Fig. 6](#F6){ref-type="fig"}). Although pioneering studies have been conducted to develop high-performance PIBs, we believe that notable advances still wait to be discovered to meet the requirements of practical applications. Herein, we outline several possible directions for advanced PIB research and hope that our perspectives may be useful for researchers in the field of PIB research.
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Developing advanced electrode materials
---------------------------------------

Compared with amorphous carbon electrodes, the graphitic carbon electrode is promising for commercial applications because of its long and stable K^+^ intercalation/deintercalation plateau above 0.1 V versus K^+^/K, avoiding safety concerns and guaranteeing a high working voltage and high energy density. Further investigation should consider graphitic carbon anode to explore suitable graphitic microstructures with long stable cyclability as well as high tap density for commercial application.

Non-carbonaceous anode materials, especially the alloy-based electrodes, can be considered as alternatives for the development of electrodes with both high gravimetric and high volumetric energy density. Lamination of the electrode materials may be a good choice, which could not only buffer the volume variations but also enhance the conductivity. In the future, layered materials could be incorporated into multifunctional hosts, such as other 2D materials with enough wettability space for the electrolyte to enhance their electrochemical performance and increase the pack density.

As for cathode materials, energy density is a key parameter, which depends not only on the working plateau but also on the specific capacity ([@R90], [@R91]). Generally, representative cathodes include conversion and insertion cathodes. In the case of insertion cathodes, K^+^ can be inserted into and removed from the host matrix reversibly. Several compounds such as layered, spinel, olivine-type, and metal chalcogenides are worth applying as cathode for PIBs. The research on PIB cathodes is still at an early stage, and some representative Co- and Mn-containing transition metal oxides with potassium, such as K~0.5~MnO~2~ and K~0.6~CoO~2~, have been studied, but maintaining their structural stability during cycling is still a challenge ([@R92]). In addition, PB and its analogs are still the most popular and promising cathode materials owing to their open 3D framework, which is preferable for reversible electrochemical insertion/extraction of large alkali-metal ions such as K^+^. Nevertheless, their limited capacity still hinders their real application. Further investigation of multi-electron storage per formula unit based on this 3D framework could be a promising research direction for developing cathode materials with high stability and high capacity.

In terms of conversion-type cathodes, they always undergo solid-state redox reactions accompanied by the breaking and reforming of chemical bonds during cycling. Fluorine and chlorine compounds, sulfur, and selenium-based composites are attractive owing to their high theoretical capacity and volumetric capacities ([@R91]). Studies of metal fluorides and chlorides, sulfur, and selenium-based cathodes have still been limited, however, due to their poor electrical conductivity, possible severe side reactions, and polysulfide dissolution, which limit their cycling stability. Development of a suitable electrolyte is a key approach, which deserves more attention to prevent polysulfide dissolution, improve the long-term cycling stability, and suppress the dendrite growth. In addition, oxygen could be a promising candidate as cathode in K-O~2~ batteries, not only because of its high energy density but also because of its small polarization. Polymer-based or organic electrode materials have been studied to obtain low-cost and safe batteries, although further research needs to be conducted on the underlying mechanism and the reversibility of K ion insertion/extraction in polymer or organic systems.

Electrolyte optimization
------------------------

We emphasize that the electrolyte should take first priority for the development of high-performance PIBs. Several criteria need to be met for the electrolytes to be effective: (i) they must be helpful for forming a uniform and stable SEI layer, (ii) they must be chemically stable with no decomposition in the operating voltage window, and (iii) they must be able to suppress excessive side reactions. Considering the progress on electrolyte additives and alternative potassium salt research, we believe that a low-fluoride potassium salt and an electrolyte additive could facilitate an even and stable SEI layer, avoid excessive side reactions, and suppress dendrite growth. Except for the wide use of FEC as additive, with successful experience in Li metal anode study, strategies such as using LiNO~3~ and AlCl~3~ to increase the interfacial stability, suppress dendrite growth, and help form a uniform SEI layer may offer new pathways for the exploration of suitable electrolyte additives for PIBs ([@R92], [@R93]). It is also interesting to study alternative polymer-based electrolytes for PIBs since polymer-based electrolyte could suppress dendrite growth, avoid excess side reactions ([@R94]), and have better shape flexibility. Ether-based electrolytes are more favorable for batteries that need to have high cycling stability, and high salt concentrations have offered a possible route to the safe operation of potassium metal anodes. It has been challenging, however, to obtain solid evidence from characterizations of cycled cells, which makes it hard to unravel the roles of each salt and solvent in the electrolyte. Thanks to the in situ techniques developed recently, such as in situ Raman spectroscopy, cryogenic electron microscopy ([@R95]), and Fourier transform infrared microscopy, it is now possible to understand not only the chemical composition of the SEI film but also the distribution of each element on the electrode surface, thus making it possible to understand the side reactions and the role of each individual solvent in PIBs. This could guide us toward strategies for more effective electrolyte optimization.

Battery safety
--------------

Safety problems remain a huge concern for LIBs, although they have been successfully commercialized in the past decades ([@R91]). Their organic flammable electrolytes intrinsically pose safety threats during cycling, and the possibility of thermal runaway is considered to be the main issue that induces safety concern ([@R96], [@R97]). Thermal runaway studies of the K-graphite system indicate that it will go into thermal runaway at a lower temperature and generate less heat compared to the commercial Li-graphite anodes. On the basis of the research experience on LIBs, efforts should be focused on combining theoretical and experimental evidence to monitor the temperature distribution inside the batteries. Specifically, three possible ways could address the safety concerns of PIBs: (i) thermally stable and low-cost separators with high melting points; (ii) solid electrolytes and quasi-solid electrolytes such as polymer-based electrolytes, which will lower the risks of internal short circuits and thermal explosions; and (iii) liquid electrolytes or electrode materials with flame retardants as additives to increase the thermal activation temperature.

Full-cell design
----------------

To approach the practical application and commercialization of electrode materials, full-cell fabrication or research is necessary. It is relatively difficult to fabricate full-cell PIBs because fabrication always needs to be based on clear reaction mechanisms and careful calculation/pairing for each electrode (cathode and anode). Although some pioneering work regarding full PIBs has been reported {such as PB//Bi, PB//Super P, K~0.7~Fe~0.5~Mn~0.5~O~2~//soft carbon, N-content-doped porous carbon monolith//perylene-3,4,9,10-tetracarboxylic dianhydride (PNCM//PTCDA), and graphite//K~2~Mn\[Fe(CN)~6~\]} with reasonable capacity, and some of these batteries have had higher energy and power densities than full SIBs, the required energy output and long-term cycling stability leave them far away from practical application. Further research on full-cell PIBs will place an emphasis on the full-cell fabrication technology as well as the electrochemical mechanisms and optimization of each individual electrode in the full-cell system.

High-throughput computational design and simulations
----------------------------------------------------

High-throughput computational materials design relies on first-principles methods with the aim of calculating the properties of materials in advance of synthesis by solving the basic equations of quantum mechanics and statistical mechanics ([@R98], [@R99]). It is challenging to explore excellent electrode materials, taking into account all of its aspects, including cost, safety, capacity, diffusion kinetics, cycling stability, and suitable electrolytes, which may be hard to evaluate due to the strict experimental conditions. This computational screening method can be carried out on the basis of performing ab initio calculations on candidate materials with a few physical parameters to solve the electronic structure problems, making it possible to address all the abovementioned problems at the same time. Furthermore, especially in the initial stage of research on PIBs, it is meaningful to establish a reliable database to offer guidelines to enable efficient searching for candidate electrode materials and electrolytes, which would be beneficial for simplifying the subsequent experimental procedures and costs.

In summary, the PIB system is emerging as a great candidate for large-scale energy storage, although it is unlikely that all the problems in PIB research can be addressed at the same time. Therefore, summarizing all possible strategies to provide an in-depth perspective will be necessary to make the PIBs viable in the future.
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